Results of comparative load transfer measurements and fatigue tests on riveted lap joints from Alclad sheets of a configuration representative of the aircraft fuselage are presented. Two different rivet squeeze force values were accounted for and in either case riveted specimens with the interfaying Teflon foil between the sheets to minimize friction, in addition to standard riveted joints without such a layer, were considered. The goal of the investigation was to recognize implications of friction between the mating sheets for the fatigue behaviour of riveted lap joints in order to derive riveting process dependent coefficients to be included in a fatigue life prediction model for this type of connections.
Introduction
Reliable fatigue life predictions for fatigue critical members of an aircraft structure, as for example riveted joints used for longitudinal connections of the fuselage skin sheets, are essential to its in-service safe operation. Available fatigue life prediction concepts for riveted joints [1, 2] only account for features related to the joint geometry and rely on the "similarity" between the actual joint, for which the predictions are made, and a reference joint for which the fatigue life is known. The precise formulation of a criterion for the similarity of the joints is not possible due to the interdependence of many design and production variables known to affect the fatigue behaviour of riveted joints. As elucidated elsewhere, rivet hole expansion and residual clamping between the sheets induced by the installation of a rivet have a profound impact on the fatigue response of a joint [3] . A fatigue life prediction model by the present authors, of which a preliminary version is presented in [4] , attempts to allow explicitly for the influence of the riveting process. The fatigue life of a riveted joint is assumed to be controlled by the stress at the rivet hole in fatigue critical, outer rivet rows. The stress at that location is determined by superposing contributions of the bypass load (portion of load remaining in the sheet), transfer load (portion of load transmitted by the rivet to the other sheet) and secondary bending moment (induced under nominally axial loading due to the joint eccentricity) as
where S is the applied stress level, K f,BP , K f,BR , and K f,b are the fatigue notch factors for a finite width plate with open hole under remote tension, pin loading, and pure in-plane bending respectively, R TR =T TR /P is the transfer load ratio (T TR -transfer load, P -applied load), k b =S b /S is the bending factor (S b -nominal stress due to secondary bending), BP , BR and b are the rivet hole expansion dependent coefficients, and the TR coefficient accounts for the contribution of frictional forces to load transfer.
In order to determine the riveting process dependent quantities incorporated in Eq. 1 an experimental program was conceived. An investigation to obtain the BP , BR and b coefficients is presented elsewhere [5] . In this paper, load transmission throughout a triple-row riveted lap joint, which is a configuration typical of the aircraft fuselage skin longitudinal connections, is studied experimentally. Two different rivet squeeze force values are accounted for and in either case riveted specimens with the interfaying Teflon foil between the sheets to minimize friction, in addition to standard riveted joints without such a layer, were considered. Load transfer measurements were performed using strain gauges, and the secondary bending stresses necessary to extract axial forces in the sheets were estimated from a theoretical model. Also, comparative fatigue tests on riveted lap joint specimens with and without the Teflon interlayer were performed to recognize the effect of friction between the mating sheets on the fatigue life.
Load transfer measurements
The geometry of riveted lap joint specimens used for the strain gauge measurements and the fatigue tests is presented in Fig. 1 . The 2024-T3 Alclad aluminium alloy sheets were assembled using the universal head rivets made from the 2117-T4 aluminium alloy. The numerically controlled machining of the plates ensured a good repeatability of the specimen geometry features. The riveting was carried out under load control, as detailed elsewhere [6] , to obtain the ratios of the rivet driven head diameter (D) to the rivet shank diameter (d) of 1.3 and 1.5, both values falling into a range typical of the aircraft industry practice. In order to study the effect of friction between the sheets, half of the specimens were assembled with a 0.1 mm thick interfaying Teflon foil inserted between the overlap of the joint.
The instrumentation of specimens used to determine load transfer throughout the lap joint is shown in Fig. 1 , where the strain gauge (FLK-2-23, gauge length 2 mm, gauge factor 2.16) locations are marked with closed symbols. Small recesses for gauges G1 and H1 were machined in the mating sheet. The measurements were made on two identical coupons for each of four combinations of the D/d ratio and the faying surface condition considered
. Due to the assumed symmetry of the stress distribution for a given section relative to the line midway between the rivet columns, each location marked in Fig. 1 with an open symbol was assigned a stress value measured in that section by an appropriate, i.e. symmetrically situated, gauge. For example, locations (B1) and (C1) were assigned stresses measured by gauges B1 and C1 respectively.
The strain gauge measurements were carried out under constant amplitude cyclic loading at a frequency of 1 Hz with the applied stress (S) ranging between 12 and 120 MPa at intervals of several thousand load cycles. The acquired data did not vary with the elapsed cycles until cracking has started. In Fig. 2 some results on the measured total stress ( ) distributions on the overlap surface for the applied stress of 120 MPa are shown. Each diagram represents average results from the measurements on two identical coupons (same D/d and faying surface condition). The results indicate that load transfer throughout the joint is not strictly antisymmetric, as illustrated in Fig. 2a which shows that the stresses for the D/d=1.5 & Alclad specimen measured by gauges A1-B1-C1 are slightly higher than those obtained from the D2-E2-F2 gauges. The same trend was revealed for the other three specimen types and can be explained by well documented in the literature differences in the magnitude of rivet hole expansion in the sheet adjacent to the rivet manufactured head and driven head [7] (pp. 73-87). For specimens with the same faying surface condition, but different D/d ratios, the stress distribution at a given location is affected by the D/d ratio, as exemplified in Fig. 2b by the results from the D1-E1-F1 gauges. This behaviour can be attributed to the dependency of the rivet hole expansion magnitude on the rivet squeeze force value [7] (pp. 73-87).
Because of a tight link between the faying surface condition and the contribution of friction to load transfer, some effect of the Teflon interlayer on the stress distribution in the overlap region can be expected, even though friction is mainly localised beneath the rivet heads, at a distance from the measurement sections. For the coupons equipped with the Teflon foil, a tendency to slightly lower stresses in either of the "bypass" sections (A2-B2-C2 and D1-E1-F1) and slightly higher stresses in the "transfer" sections (A1-B1-C1 and D2-E2-F2) than for the specimens with the Alclad faying surface was revealed, as exemplified in Fig. 2c for the A2-B2-C2 section of the D/d=1.3 coupons. 
Secondary bending in the overlap area
Because of the lap joint eccentricity, the measured stresses included both a component from the axial force in the sheet and a bending stress generated by the secondary bending moment. In order to assess the bending stresses a theoretical model by Schijve [8] has been applied. According to this concept, the nominal bending stress at any location of the joint is computed from the out-of-plane deformation of the sheets employing the theory of beams. The adequacy of Schijve's model to estimate the nominal secondary bending stresses beyond the overlap region at the critical, outer rows of a riveted lap joint has been experimentally confirmed by the present authors [9] .
In Fig. 3 , the average total stresses on the top surface (S top ) and the bottom surface (S bottom ) of the lap joint obtained from the strain gauge measurements for the coupons with the Alclad faying surface and computed from the model by Schijve are compared. The measured S top and S bottom values were derived through averaging of the measured local stresses ( , cf. Fig. 2 ) over the specimen width.
With the model by Schijve, the overlap region between the axes of the outer rivet rows is considered as an integral beam of which the flexural rigidity corresponds to the combined thickness of the sheets. This implies where M b is the bending moment per unit width computed from Schijve's model, t is the sheet thickness, the sign "+" is for the top surface before rivet row 1 and between row 2 and 3, as well as for the bottom surface between row 1 and 2, whilst the sign " " is for all other areas.
Despite of the simplifying assumptions in modelling the joint, Fig. 3 reveals a surprisingly good agreement between the computations and measurements. However, the model in its original form does not account for load transfer and, hence, cannot be applied to extract axial stresses from the measured total stress values in the overlapping sheets. In order to determine the axial stress components, the bending moment contributed by load transfer should be accounted for and bending for either sheet must be considered individually. Such an approach makes it possible to compute the bending stresses, S b,BP and S b,TR , as well as the bypass and axial stresses, S BP and S TR , for the bypass (BP) and transfer (TR) section for either sheet, 
where S top and S bottom are the nominal total stress values obtained from the measurements. 
Load transmission for the riveted lap joints
The axial stresses, S BP and S TR , computed using equation system (2) were utilized to investigate the effect of the rivet squeezing and of the faying surface condition on load transmission throughout the riveted lap joint. Collated in Table 1 are transfer load ratios for the individual rivet rows (R TR1 , R TR2 , and R TR3 ) defined in Fig. 5 , as well as average load transfer ratios for the outer rivet rows, R TR1,3 =(R TR1 +R TR2 )/2, determined at three different applied stress levels for the four specimen types considered in the present investigation. Though some systematic trends associated with the test variables are quite obvious, neither the effect of D/d or of the faying surface condition on load transmission is quantitatively significant. Regardless of the faying surface condition, increasing the D/d ratio from 1.3 to 1.5 decreases the load transferred by the outer row from the sheet adjacent to the rivet driven head to the neighbouring sheet, namely it leads to a lower R TR1 . At the same time higher R TR2 and R TR3 ratios occur for D/d=1.5. However, the average transfer through the end rivet rows, quantified by the R TR1,3 value, becomes slightly lower when the rivets are more severely squeezed. Because, as already said earlier, in that case also the middle rivet row transfers more load, the results in Table 1 evidence that for the D/d=1.5 specimens load transmission throughout the joint is slightly more levelled off than for the D/d=1.3 specimens riveted with a lower squeeze force. This behaviour is in agreement with previous observations by the present authors for riveted lap joints from 2 mm thick Al alloy sheets with 5 mm dia round head rivets [3] . For the specimens with the Teflon interlayer, load transfer by the outer rows is consistently lower and transfer by the middle row consistently higher than for the specimens with the Alclad faying surface. This trend occurs for both D/d values and at all stress levels considered.
S S R TR TR
Though the modification of load transmission throughout the lap joint due to inserting the Teflon interlayer between the mating sheets is very similar to that caused by applying a higher rivet squeeze force, in either case different physical mechanisms play a part. For the joints equipped with the Teflon foil, the reduced friction on the faying surface is a primary factor. On the contrary, the friction contribution to load transfer increases due to the more intense residual clamping beneath the rivet heads when the rivets become more severely squeezed. In addition, residual clamping and enlarged rivet hole expansion induced for higher squeeze forces restrain rivet deflections in the outer rows, thus making the joint more rigid.
The data in Table 1 indicate that for each specimen load transfer through the end rivet rows appears almost identical, as could be quantified by the R TR3 /R TR1 ratios ranging between 0.95 and 1.08.
It should be noted that if the axial forces for the present joint configuration are determined analytically utilizing a procedure detailed in Ref. [7] (pp. 115-117), the R TR1 =R TR3 value of 0.336 and R TR2 =0.326 follow, which implies a considerable underestimate of loads transmitted by the fatigue critical, end rivet rows.
Effect of load transfer by friction on the fatigue life of the riveted lap joint
To recognize the isolated effect of load transfer by friction on the riveted lap joint fatigue life, fatigue tests were carried out on four series of specimens identical to those used for the strain gauge measurements. The applied constant amplitude loading at a stress ratio of 0.1 simulated hoop stress variations in the pressurized aircraft fuselage skin [7] (pp. 11-26). Each of the four test series included six specimens fatigued at three applied stress values (maximum cyclic stresses of 120, 100 and 80 MPa) with two coupons being tested at each stress level. The fatigue test results are presented in Fig. 6 in terms of the applied stress amplitude (S a ) versus the number of cycles to failure (N f ). Owing to a very low scatter of the results, the experimental trends in the fatigue life behaviour can be easily identified. At the intermediate and lowest load level (S a =45 MPa and 36 MPa respectively), the fatigue lives of the Teflon specimens series are longer compared to the Alclad specimens series for the corresponding D/d parameter. Such a behaviour is consistent with the trend revealed in Table 1 , namely with the load transfer ratios R TR1,3 lower for the coupons with the Teflon foil than for the Alclad coupons, as in all cases fracture occurred in one or both outer rivet rows. However, the measured variations in R TR1,3 are too weak to quantitatively account for the observed difference in fatigue lives between the Teflon and Alclad coupons. Moreover, it cannot be overlooked that even though at a given D/d ratio the total transfer load at the outer rivet rows for the Alclad coupons is slightly higher than for the Teflon coupons, the force actually transmitted by the rivets can be lower due to the action of the frictional forces. An unfavourable effect of friction is fretting corrosion on the faying surface. The Teflon interlayer greatly reduces load transmission by friction and totally prohibits fretting. With the present investigation, frettingcaused black spots of wear debris were only seen around the holes on fracture surfaces of the Alclad specimens and absent from the specimens equipped with the Teflon foil. In Fig. 6 , shorter fatigue lives of the Alclad coupons compared to the Teflon coupons for either D/d ratio are caused by the deleterious influence of fretting. At the same time, it is seen that the overall effect of friction becomes less detrimental when the rivets are more severely squeezed because the Teflon specimen to Alclad specimen fatigue life ratio diminishes from a factor of 1.8 to 1.3 when D/d is increased from 1.3 to 1.5. The underlying mechanism behind the identical fatigue life response of both types of the specimens for either D/d ratio shown at the highest load level (S a =54 MPa) remains fully obscure, which adds to the need of using strongly empirical prediction approaches for the riveted joints. With the present prediction model, the proportion between the beneficial and detrimental consequences of load transfer by friction will be accounted for by the TR coefficient, cf. Eq. 1.
A considerable improvement of riveted joint fatigue properties due to the increased squeeze force observed in the present tests for both types of the faying surface conditions is a trend well documented in the literature [7] (pp. 55-99) and relatively well understood. In addition to increased load transfer by friction, compressive tangential stresses around the rivet hole occur for a larger squeeze force, both phenomena leading to lower local stresses at the critical rivet rows.
Conclusions
1. Axial forces in the overlapping sheets of a triple-row riveted lap joint can be extracted from strain gauge measurements data on the outer surfaces of the joint when the secondary bending stresses are computed utilizing the model by Schijve modified to account for load transfer. 2. For the riveted specimens equipped with the Teflon foil between the mating sheets, load transfer by the fatigue critical, end rivet rows is consistently lower and transfer by the middle row consistently higher than for the specimens with the Alclad faying surface. Regardless of the faying surface condition load transfer by the end rows is decreased when the rivets are more severely squeezed. 3. Application of a commonly used analytical procedure to compute axial forces in the sheets for a triple-row riveted lap joint yields a considerable underestimate of load transmission by the end rivet rows. 4. Below a certain applied stress level fatigue lives of the riveted lap joint specimens with the Alclad faying surface are considerably shorter than observed for the specimens with the Teflon interlayer, which can be explained by the detrimental effect of fretting. Above that stress level both types of the specimens show the same fatigue life, the underlying mechanism remaining obscure. 5. The present results reveal extremely complex dependencies of the specimens' fatigue properties on riveting process related factors and add to the necessity of using strongly empirical fatigue life prediction approaches for riveted joints.
